A procedure was described for preparing intact mitochondria from spinach (Spinacia oleracca L.) leaves. These mitochondria oxidized succinate, malate, pyruvate, a-ketoglutarate, and NADH with good respiratory control and ADP/O ratios comparable to those observed with mitochondria from other plant tissues. Glycine was oxidized by the prepartions. This oxidation linked to the mitochondrial electron transport chain, was coupled to three phosphorylation sites and was sensitive to electron transport and phosphorylation inhibitors.
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Cyanide completely inhibited the oxidation of NADH. The oxidation of succinate, malate, and glycine was only partially inhibited.
The development of techniques for the isolation of tightly coupled mitochondria from etiolated and storage tissues (12, 17, 18) has resulted in considerable progress toward understanding the physiological properties of the plant mitochondria (11, 12, 17, 18) . In marked contrast, relatively few methods are available in the literature for the isolation of intact mitochondria from the leaves of higher plants (8, 12, 17, 18) . Therefore, little information is available about the oxidative and phosphorylation properties of mitochondria from green leaves (10, 12, 17, 18) .
The object of this paper is to describe the preparation, oxidative capacities, and response to various inhibitors of spinach leaf mitochondria.
MATERIALS AND METHODS
Preparation of Mitochondria. Fresh spinach (Spinacia oleracea L.) leaves were obtained from a local market and used immediately. Young spinach leaves (0.8 kg after deribbing) were cut into 3 liters of chilled medium containing 0.3 M mannitol, 4 mM cysteine, 1 mM EDTA, 30 mm MOPS3 buffer (pH 7.5), 0.2% defatted BSA, and 0.6% insoluble PVP. The leaves were disrupted at low speed for 2 sec in a 1-gallon Waring Blendor. The homogenate was squeezed through six layers of cheesecloth and mitochondria were isolated as fast as possible by differential centrifugation according to the method of Bonner (4) . We found that very short grinding times in a Waring Blendor were the most successful. Longer grinding times had a deleterious effect on the mitochondrial oxidative and phosphorylative capacities.
Mitochondrial Assays. Mitochondrial respiration was mea-sured polarographically using a Clark 02 electrode in a closed cell at 25 C. Oxygen consumption measurements were performed in a reaction medium (3.3 ml) containing 0.3 M mannitol, 5 mM MgCl2, 10 mm KCI, 10 mm Na-phosphate buffer (pH 7.2), and 0.1% defatted BSA. The 02 concentration in airsaturated medium was taken as 240 UM (9) . Rotenone (Sigma), FCCP (Boehringer), oligomycin (Sigma), and antimycin A (Sigma) were dissolved in absolute ethanol. Salicyl-hydroxamic acid dissolved in formamide was a gift of Dr. Vignais.
Mitochondrial Protein Determination. Total protein was determined by the Folin-Ciocalteau phenol reagent (16) . Chl was extracted from the mitochondrial pellet in 80% acetone and measured according to Arnon (1). If we assume a protein to Chl ratio of 7, in broken thylakoids (15) , the amount of mitochondrial protein has to be corrected for the contribution of the broken thylakoids.
Electron Microscopy. For electron microscopy, mitochondria in suspending medium (0.3 M mannitol, 10 mm MOPS buffer [pH 7 .4]) were fixed for 1 hr in 3% glutaraldehyde. After centrifugation, the pellet was washed twice with suspending medium and was postfixed with 1 % OsO dissolved in suspending medium. Dehydration in an ethyl alcohol series was followed by embedding in araldite. Ultra thin sections were cut with an LKB microtome and floated on copper grids. Specimens were stained with uranyl acetate and Reynold's lead citrate. Electron microscopy was performed with a Siemens-Elmiskop IA micro-
scope. RESULTS
Electron micrographs of isolated mitochondria from spinach leaves ( Fig. 1) show well preserved mitochondria with the inner and outer membranes clearly distinguishable and a dense matrix. However, contaminations with thylakoids and intact peroxisomes are evident. Based on Chl concentration the thylakoids represent roughly 40% of the total amount of the pellet protein.
Malate, succinate, and NADH are readily oxidized by spinach leaf mitochondria (Fig. 2) . ADP/O ratios observed with malate are close to 3 (2.4-2.8), but NADH oxidation gives ADP/O values of 1.3 to 1.8 indicating that only two coupling sites are utilized. These values are comparable o those observed with tightly coupled mitochondria from etiolated or storage tissues (12) .
Other Krebs cycle intermediates such as pyruvate and aketoglutarate are also oxidized by spinach leaf mitochondria (Fig. 2) . However, the state 3 rates of 02 uptake and respiratory control ratios are less than those observed when malate is the substrate (Fig. 2) . It has to be stressed that mitochondria from spinach leaves, as those of etiolated tissues (14) Figure 3 . Cyanide completely inhibits the oxidation of NADH. In contrast, the oxidation of succinate and malate is only partially inhibited. In this case, salicyl-hydroxamic acid, a specific inhibitor of the respiratory pathway of plant mitochondria through the alternate cyanide-insensitive terminal oxidase (19) , strongly inhibits this residual oxidation. Figure 4 indicates that spinach leaf mitochondria are capable of oxidizing glycine as substrate with good respiratory control (apparent Km value: 1 mM). ADP/O ratios observed with glycine as close to 3 (2.4-2.7), indicating that its oxidation is coupled to three phosphorylation sites. As the oxidation of malate (see Fig. 3 ) the oxidation of glycine (Fig. 4) is partially inhibited in the presence of antimycin A and cyanide. Again, salicyl-hydroxamic acid strongly inhibits this residual oxidation. Figure 4 shows also that oligomycin inhibits the oxidation of glycine. The ratio of this inhibited rate to that of state 3 is the same as the respiratory control ratio. The inhibition by oligomycin is released on addition of FCCP.
The effect of-rotenone on state 3 rates of glycine oxidation is shown in Figure 5 blocking NADH-linked substrates oxidation (12) , glycine oxidation is inhibited by 75%. In addition it is found (Fig. 5) that the oxidation of glycine in the presence of rotenone is linked to phosphorylation with an ADP/O ratio close to 1.5 and is inhibited by antimycin A. In contrast with the rotenone-insensitive malate oxidation (6), NAD is practically without effect on the rotenone-insensitive glycine oxidation (Fig. 5) .
Glycolate is rapidly oxidized with a high Km for 02 of 70 ,UM (Fig. 6 ). However, neither antimycin A nor cyanide inhibit glycolate oxidation, strongly indicating that its oxidation is not linked to the mitochondrial electron transport chain. It is likely that the glycolate oxidation observed may be due to contamination by other subcellular cell organelles such as peroxisomes (see Fig. 1 ).
DISCUSSION
It is clear from the results presented in this communication that mitochondria isolated from spinach leaves oxidize intermediates of the Krebs cycle with good respiratory control and ADP/ O ratios comparable to those observed with mitochondria from other plant tissues (12) . Studies with malate, succinate, and NADH suggest that the sequence of electron transport, the presence of an NADH dehydrogenase located on the external An important point which has emerged from the experiments outlined in this report is that isolated spinach leaf mitochondria are capable of oxidizing glycine an important metabolite of photorespiration (20) and that this oxidation is coupled to the synthesis of 3 molecules of ATP. Although the mechanisms of photorespiration are still controversial (5), the conversion of glycine to serine in the mitochondria is currently considered to be the major source of CO2 evolution (5, 20) . Previous studies with mitochondrial fractions from the leaves of higher plants (20) have shown that 2 moles of glycine are converted to 1 mole each of serine, NH3, and CO2 in a reaction catalyzed by serine hydroxymethyltransferase (20) . Kisaki et al. (13) , using spinach leaf mitochondria, found that NADI was necessary as electron acceptor. Bird et al. (2, 3) using Nicotiana tabacum leaf mitochondria, and Collins et al. (7) using Euglena gracilis mitochondria, reported that the reaction required aerobic conditions, was linked to the electron transport chain, and coupled to the synthesis of 2 (2) or 1 (7) molecule of ATP for each molecule of serine formed. In agreement with Bird et al. (2, 3) and Collins et al. (7) it is clear from Figure 4 that the oxidation of glycine is linked to the mitochondrial electron transport chain, and is sensitive to electron transport and phosphorylation inhibitors. However, in contrast to Bird et al. (2, 3) and Collins et al. (7), we found that the glycine oxidation is coupled to three phosphorylation sites.
The effect of rotenone on the glycine oxidation by isolated spinach leaf mitochondria is particularly interesting. In the absence of rotenone, glycine oxidation is fast and is coupled to three phosphorylation sites. In the presence of rotenone, glycine oxidation is slow and is coupled to two phosphorylation sites. Similar observations have been reported with other plant mitochondria oxidizing malate (6) . It seems likely therefore from the measurements of the ADP/O ratio that in the presence of rotenone the glycine oxidation pathway bypasses the first site of phosphorylation. In this case, an external NADH dehydrogenase could be involved as suggested for malate oxidation (6) but this is unlikely because the NADI added externally has practically no effect on the glycine state 3 rotenone-insensitive respiratory rate. Obviously, further experiments are required to clarify this result.
In summary, we have described a technique for the isolation of intact mitochondria from spinach leaves which, in addition to being tightly coupled, are capable of oxidizing glycine. We AkND NEUBURGER Plant Physiol. Vol. 60, 1977 demonstrate that this oxidation is coupled to three phosphorylation sites indicating that possibly photorespiration is not a large energy wasteful process. Note Added in Proof. Woo and Osmond (1976 Aust. J. Plant Physiol. 3: 771-785) reported interesting studies on glycine decarboxylation in mitochondria isolated from spinach leaves.
